The cell wall, a tough shell surrounding the plasma membrane, is required for survival of the fungal cell. Deprived of it, the cell would burst under the stress of the internal turgor pressure. The wall also acts as filter for large molecules [l] . By this definition, the function of the wall appears to be static. However, the cell wall is constantly changing its size and shape, to accompany growth of the cell. Indeed, it is the cell wall that imparts shape to the fungal cells. In mycelial fungi, the advance of the organism in search of nutrients is led by the cell wall, and so is infection in pathogenic fungi. During cytokinesis, a specialized variant of the cell wall, the septum, is formed to separate the two dividing cells. Thus synthesis of the cell wall and septum can and has been used as a model for morphogenesis [2] . Because the formation of these structures must of necessity be co-ordinated with cell division, study of the mechanisms that regulate their synthesis can also lead to new information about cell cycle controls. Finally, inhibition of cell wall and septum formation is incompatible with cell growth, therefore these organelles are attractive targets for antifungal agents [3] .
Composition of the yeast cell wall
Fungal cell walls mainly consist of polysaccharides, some of which are attached to proteins. In the yeast Saccharyomyces cerevisiae, the major structural components are P-glucans. The most abundant is P(1-3)-glucan (about 40% of the wall dry weight), whereas P (1-6)-glucan comprises approx. 10% of the wall. Another major component is mannoprotein, which accounts for another 40% of the wall and appears to control its permeability [l] . The wall also contains a small amount of chitin, most of which is found in the primary septum [2] . If the components of the cell wall were just made and laid down next to each other, the whole structure would probably be very loose and unable to withstand the turgor pressure. However, it is becoming increasingly Abbreviations used: Chsl, Chs2 and Chs3, chitin synthase 1, 2 and 3 respectively; GAP, GTPase-activating protein; GEF, GTP-GDP exchange factor. *To whom correspondence should be addressed. 
Biosynthesis of /?(I -3)-glucan and i t s regulation
In a budding yeast such as S. cerevisiae, cell wall synthesis starts as a bud emerges and continues until the bud matures into a daughter cell. Therefore there must be controls and switches that regulate this synthesis both in space, to limit it to the bud, and in time, to co-ordinate wall formation with the cell cycle. In the hope of learning something about these controls we studied the biosynthesis of the major structural component of the cell wall, P(1-3)-glucan. The enzyme involved in this synthesis, a membranebound P( 1-3)-glucan synthase, catalyses the transfer of glucosyl residues from UDP-glucose to a growing chain of p(l-3)-linked glucosyl residues. It was found at an early stage of the research that the synthase is highly stimulated by micromolar concentrations of G T P and several of its analogues [6, 7] . Further insight into the mechanism of the activation had to wait for dissociation of the enzyme system into different components. This was achieved by stepwise extraction of membrane preparations from different fungi [8], a technique that was later successfully applied to S. cerevisiae [9] . A first fraction (A) was solubilized with NaCl and Tergitol NP40 and a second one (B) with octyl glucoside and CHAPS. Synthesis of Volume 25 P(1-3)-glucan was achieved with a mixture of both fractions supplemented with GTP. Protection experiments indicated that fraction A was the one that interacted with the nucleotide [8].
Purification of fraction A resulted in the simultaneous enrichment of B-complementing activity in glucan synthase assays and of GTP-binding ability [9] . This indicated that fraction A contained a GTP-binding protein. It was also possible to show that activity of the protein in the glucan synthase assay in the absence of added nucleotide was proportional to the amount of GTP already bound to the enzyme [9] . These experiments were facilitated by the finding that certain fractions obtained during the purification of fraction A contained an activity that stimulated the intrinsic GTPase activity of fraction A [9] .
Such GTPase-activating proteins (GAPs) have been found to act on small GTP-binding proteins of the Ras superfamily, presumably functioning as negative regulators [ 101,
Rho I p, a protein involved in cell polarization and cell wall synthesis
To ascertain the nature of the fraction A active component, we tested GTP-binding protein mutants that had a phenotype compatible with a defect in initiation of cell wall synthesis, such as lysis of small buds at non-permissive temperatures, and found that rhol mutants had low levels of glucan synthase activity which was not stimulated by GTP. Normal activity as well as GTP stimulation could be restored by the addition of purified fraction A from wild-type cells or of recombinant Rhol protein [ 113. Furthermore purified preparations of fraction A from the rhol mutant lacked a protein band of 24 kDa, the approximate size of the Rhol protein. Other laboratories simultaneously obtained similar results [ 121. It could be unequivocally concluded that Rholp is the GTP-binding protein that regulates P( 1-3)-glucan synthase and is essential for its activity.
The finding that Rholp controls the activity of P(1-3)-glucan synthase was of great interest, because it provided an example of a GTP-binding protein that interacts directly, rather than through a protein kinase cascade, with an enzyme involved in morphogenesis. How can Rholp act as a switch that starts glucan synthesis at budding and shuts it off at daughter cell maturation? The key for answering this question resides in the above-mentioned proportionality of synthase activity to amount of GTP bound. Thus conversion of the bound GTP into GDP will lead to inactivation of the enzyme, whereas exchange of the GDP with GTP in the medium will restore activity. The first effect is generated by GAP proteins, at least one of which was detected during purification of the glucan synthase, and the second is brought about by GTP-GDP exchange factors (GEFs), two of which, with specificity for Rholp, have been identified recently [13] . These two types of activity can shuttle Rholp between an inactive and an active form (Figure 1 ). Since cell wall formation must be synchronized with the cell cycle, the state of Rholp must be controlled by some upstream factor. It is possible that these factors act by modulating the activity of GAPs and GEFs, perhaps through some post-translational modification, such as phosphorylation-dephosphorylation (Figure 1 ).
Rholp itself has been shown to control a protein kinase cascade, the first member of which is protein kinase C (Pkclp The role of chitin in the formation of the yeast septum At bud emergence, a ring of chitin is laid down in the cell wall at the base of the bud (Figure  2a) . Later in the cell cycle, at cytokines, chitin is again deposited, starting at the ring and continuing in a centripetal fashion, as the plasma membrane invaginates and pinches off (Figure 2b) .
The final result is the primary septum, a disk of chitin that separates mother and daughter cell [2] . Then, secondary septa are laid down on both sides of the primary septum, creating a trilayered structure (Figure 2c) . The composition of the secondary septa is probably similar to that of the external cell wall. It is of interest that after septum formation and while maturation of the daughter cell is being completed, some chitin is incorporated, in a dispersed fashion, into its cell wall, which was previously chitin-free [ZO] .
Chitin is synthesized in a similar fashion to j (1-3)-glucan, by transfer of N-acetylglucosamine from UDP-N-acetylglucosamine to a chain of (1-4)-linked N-acetylglucosaminyl residues. Three chitin synthases (Chsl, Chs2 and Chs3) have been identified in yeast, and the genes believed to code for the respective catalytic subunits have been cloned [21, 22] . Mutants in CHS2 grow with thick and aberrant septa devoid of the central chitin disk of the primary septum, whereas chs3 mutants have the primary and secondary septa, but are unable to make the initial chitin ring. They also lack the chitin interdispersed in the cell wall [20] and the linkage between chitin and j(1-3)-glucan [4] . Double (chs2 chs3) mutants are non-viable [ZO] . It is concluded that Chs2 is responsible for the biosynthesis of the chitin disk, whereas Chs3 is involved in formation of the chitin ring and of the chitin laid down in the bud wall after septum formation. This would leave Chsl, by far the most abundant chitin synthase in the cell as measured by specific activity, without a function. However, cells defective in Chsl give rise to buds that frequently lyse at the stage of cell separation, if the growth medium is allowed to become acidic. The lysis is apparently due to an acidic chitinase [23] that is required for effective cell separation [24] and presumably acts by hydrolysing part of the primary septum. Blockage of the chitinase by specific inhibitors or disruption of the corresponding gene abolished the lysis, even in the absence of Chsl [25, 26] . We concluded that excessive action of the chitinase can lead to cell lysis and that Chsl can prevent the damage by synthesis of additional chitin.
The regulation of chitin synthesis
It is clear that the three chitin synthases have different functions, executed at specific locations and at specific points of the cell cycle. Thus they must be subject to strict and specific regulation in time and space. How is this regulation achieved? An early finding for Chsl and Chs2 and for many other fungal chitin synthases was that these enzymes are often isolated in an inactive state and can be activated by incubation with proteases [22] . That led to the idea that synthases may be regulated by transformation of a zymogen form into an active enzyme, although not necessarily by proteolysis. Some light on this question was shed by studies of Chs3 which, in contrast with Chsl and Chs2, appears to be already in an active state, only slightly stimulatable by trypsin treatment [27, 28] . Treatment of membrane preparations of the enzyme with detergent resulted in loss of activity, which could be restored by incubation with trypsin, i.e. the enzyme behaved now as a zymogen [28] .
Preparations from strains defective in CHS4, a gene required for Chs3 activity, behaved like detergent-treated preparations from wild-type [28] . These results suggest that Chs4p acts as an activator of Chs3 in vivo. [29] showed that Chsl and Chs2 activity and function are not impaired by deletion of an N-terminal region comprising between onequarter and one-third of the protein, thus limiting the part of the enzyme required for activity or interaction with other proteins to the remaining portion. Another question is whether chitin synthases are regulated only post-translationally or also at the transcriptional level. By studying the behaviour of the enzyme activity in the absence of transcription as well as fluctuations of activity during the cell cycle, we came to the conclusion that transcription does not play an apparent role in Chsl and Chs3 regulation. However, Chs2 is unstable when its transcription is abolished and its activity peaks in the cell cycle approximately when its function is executed [30] . Further studies are required to better understand these results and also to establish the mechanism for the transport of the enzymes to their site of action, a topic about which nothing is known.
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Concluding remarks
Far from being a static structure, the yeast cell wall is constantly growing and changing. Components are synthesized and linked together; specialized structures, such as the septum, are formed in synchrony with cell growth and division. At each budding some of these materials must be remodelled to allow for new growth. Thus study of cell wall structure and growth can yield information about basic processes of morphogenesis. The relationship found in yeast between Rholp and actin suggests that results obtained in these investigations may find applications to similar problems in many other cells.
